This study concerns the effects on microbial populations and treatment plant performance on the presence of Chromium and surfactants in incoming wastewater. The study considers two actual treatment plants in a northern Italian City, one treating mostly urban sewage, the second a mixture of urban and industrial wastewater. A comparative assessment of the two plants was performed in laboratory conditions, in order to understand the effects of these exogenous contaminants on the biological processes, and possibly define management and operational criteria for process recovery in the case of renewed actual contamination. Pilot processes of the two plants were run at first, considering the actual design and normal influent conditions of the facilities, then, under stress conditions, by adding the external contaminants at known concentrations to the feed, performing process functionality observations and toxicity tests, and determining the qualitative and quantitative characteristics of the activated sludge biomass. Considerations on processes performance and biocenosis modifications due to pollutants contents are drawn. A discussion on possible effects mitigation strategies is included.
INTRODUCTION
The performance of a wastewater treatment plant (WWTP) can be influenced by many factors, some of which are not expected nor foreseeable during the design phase. Strong deviations of influent quality characteristics from design conditions can result in irregular or abnormal behavior of one or more process units, and in these cases the process can be recovered only if some adequate management strategy has been foreseen for rapid implementation. Toxic shocks can be a severe problem in activated sludge operation, and as that, among the most difficult to control (Love et al. 2009 ). These problems are generally found to be more common in small communities' WWTPs (Capodaglio & Callegari 2016) , rather than large cities, due to a lower dilution of toxic releases in small systems. Toxicity events could be due to: washing and dumping chemical wastes from tank trucks into a ditch or manhole, overload of small systems by storm flows that can introduce toxins from leachates and urban runoff, or plain and simple discharges of untreated industrial waste/process waters, accidental or not, into sewers. Even in well managed WWTPs, it is not uncommon for influent characteristics to change rapidly and unexpectedly as a result of sudden changes in upstream discharges. Reduction of treatment efficiency resulting from the effects of toxicity on activated sludge population can result in unacceptable discharge levels, or even effluent toxicity: plants treating mixed (urban þ industrial) wastes may find toxic/inhibitory chemicals passing unabated through treatment and into receiving waters. Most significantly, toxicity can also give rise to operational problems, such as changes to the sludge settling characteristics, decrease of the rate of BOD (and nutrients) removal and, in 'B', 125,000 P.E. with Q ave,d ¼ 31,000 m 3 /d, HRT ave ¼ 7 hrs. SRT in both plants were operated at around 14 + 1 days). The former facility serves a mainly municipal catchment area, the latter a mixed municipal-industrial one, with industrial wastewater required to undergo pretreatment to almost urban-like quality before discharge into the sewer network. From the observed toxicityinduced incidents, it seemed clear that these premises were not fully satisfied, and that industrial wastewater was reaching both plants, untreated. The combined sewer networks serving the two plants are interconnected, so that sewage can be diverted, to some degree, to the temporarily less loaded facility.
Laboratory replica of the system
Two completely mixed, bench units for each facility, with volume of 16 L each, were set up and operated in such a way to reflect average operating parameters (HRT, SRT) and variables of the respective real systems at laboratory temperature (22 + 2°C). Return sludge from each plant was used to seed its replicated reactors, and actual wastewater, collected about twice/week from each plant, and fed to the respective pilots from a refrigerated holding tank, was also used (Table 1) . Aeration was supplied by bottom porous stone diffusers, and the plexiglass reactors were shielded from direct light exposure by means of aluminum foil coating, to avoid algal growth. During the entire study time, physical, chemical and microbiological parameters were monitored regularly at short intervals (every 3 days, at most).
Initially, the pilots were run in pseudo-steady state mode for just over a month, to achieve stable operating conditions (regular operation). After this initial period, each reactor contents were split into smaller, identical reactors (4 L capacity), to carry out the subsequent stress conditions trials. These involved spiking the influent feed with Cr(VI) (stress condition 1) and surfactants (stress condition 2) to the desired concentrations. Both contaminants were added to the feed holding tanks at two levels of concentration, equal, respectively, to their surface water discharge limit, and its tenfold value, within the range detected during the observed WWTPs upsets. Bacterial metabolism determines the effectiveness of biological treatment of wastewater. By focusing on the effects of these pollutants on the biology of the system, it was possible to assess any change in biomass population growth and composition, metabolic performance modification and in general assess the overall functionality of the entire WWTP process train, since aeration basin dynamics are not limited within this basin, but propagate within the entire treatment train (i.e. sludge viability and composition, settleability, return sludge quality, etc.).
Biotic components in activated sludge processes are represented by decomposers (bacteria, fungi) and consumers (flagellates, amoebae, ciliates and small metazoans). These, collectively indicated as protozoa, are responsible for effluent water quality by removing dispersed bacteria, which otherwise may cause high effluent turbidity, through grazing. Ciliates have been identified as a dominant group in the biomass of municipal activated sludge plants receiving metals-contaminated industrial effluents, and high density of flagellates have been observed in municipal plants operating under high organic load conditions (Chen & Gu 2005; Ramírez-Díaz et al. 2008; Ferro Orozco et al. 2010; Cydzik-Kwiatkowska & Zielinska 2016) .
As an indicator of the 'quality' of biological processes, the Sludge Biotic Index (SBI) was adopted, and determined on the test reactors according to the method outlined by its proposers, according to (Madoni et al. 1996) : -type and density of the dominant microorganism group; -total number of systematic units by which the microbiologic population is formed; -small flagellates density.
These parameters were monitored at frequent intervals during the study by microscopical examination at 100Â of a 25 μL sample and, for small flagellates, of a 3.2 μL Fuchs-Rosenthal chamber (2 to 4 replicates per sample), in order to determine the applicable SBI classes.
By definition, SBI can assume values between 0 and 10, in ascending order of 'sludge quality' and 'good depurative efficiency' (e.g.: if SBI ¼ 9 the process is assumed to be in Class I, defined as 'Well colonized and stable sludge, excellent biologic activity and high depurative efficiency'; if SBI is between 0 and 3, the sludge is in class IV 'poor biological depuration in the aeration tank; low performance'). Biologic evaluation of sludge quality was complemented by a physico-chemical evaluation of effluent water: specifically, the observed parameters were COD, nitrogen forms, suspended solids and Sludge Volume Index (SVI).
The plants' performance parameters for the three different operating conditions periods are reported below: regular operation: pilots were run for 40 days to reproduce the behavior of the full-scale WWTPs in operative-like conditions (real influent, equal HRT, SRT, organic loads, etc.); stress condition 1 (operation with addition of Cr(VI) to the influent): two pilots, fed with aliquots of Cr(VI) added to simulate influent flows with metal concentrations equal to, respectively, 0.2 and 2 mg/L, for 29 days; stress condition 2 (operation with addition of anionic surfactants): two pilots, fed with aliquots of surfactants added to simulate influent flows containing concentrations equal to, respectively, 0.2 and 2 mg/L, for 19 days.
RESULTS

Regular operation
In the first phase, normal operating conditions were reproduced; operations were continued until 'stable state' was reached, defined as a condition in which efficiency of the process, operative parameters and biomass diversification were very close to those of the real system. Observations, reported in the following Figures and Tables, show that both substrate degradation rates and biocenosis differed according to the type of substrate, originating a metabolically less active, but well flocculating, sludge in plant 'A' (due to lower organic load), and a predominantly disperse, non-flocculating, slowly settling biomass in plant 'B' ( Table 2) .
In pilot 'A' biomass was originally composed mainly by small flagellates and swimming ciliates, a common combination that indicates a well-running aerobic process; during the floc-forming phase, the development of sessile and carnivore ciliates was observed, but not the development of bottom crawlers (a condition typical of peak-loads-related instability). After approximately two weeks, dominance of the system by metazoans (mostly rotifers), an index of good oxygenation, and the development of naked amoebas, usually indicating good substrate utilization, was observed. At this point, with an abundant and diversified biocenosis, a marked improvement of substrate uptake in the reactor was observed; from that point on, however, decrease of sessile species and increase of rotifers and small amoebas caused a decrease of overall sludge quality and treatment efficiency, occurring at the same time of the feed of high-concentration influent (after day 20). COD removal ranged from 68 to 91% (after process stabilization) during this period. Figure 1 shows the main process parameters trends during regular operation of pilot A (Figure 1(left) ), in relationship to the determined SBI sludge class. After about one week from start-up, during which SBI, and the process in general, had stabilized, further high-load influent additions to the reactor (days 17 and 22) seem to cause process upsets, with slow degradation of the SBI class. Both COD and SS in the effluent increase from about day 21, although SVI values remain substantially stable, to return to lower levels after day 34. As SS and COD are strictly correlated (1 mg SS ≈ 6 mg COD), the presence of deflocculated sludge in the reactor may be the cause of these trends, rather than the development of filaments.
In Pilot 'B', biocenosis changed from a predominance of small amoebas and flagellates to that of sessile forms, accounting for a greater part of the population until the end of the experiment, even though the latter was subject to sudden variations in size. The observed sludge characteristics, in terms of settling properties (i.e., SVI always lower than 100 mL/g), and class (i.e. SBI) are however similar to that of Pilot 'A'. In both reactors, SBI sludge class gradually improved from IV (worst) to I/II, then worsened again to IV, without degradation of SVI values.
Figure 1(right) shows the main process parameters trends during regular operation of pilot B, in relationship to the SBI class. Operation seems smoother than in case A, with some upset in terms of COD increase right after day 22 (third highest influent COD sample). COD removal efficiency oscillated between 78 and 88% during this period. SBI classes are generally high (poor sludge quality), but SVI values are quite stable. Consistently high SS values (in the range 500-700 mg/L) could indicate the presence of deflocculated sludge (compatible with the low quality of sludge indicated by the SBI). In the following phase, four reactors were run under stress condition no. 1, namely, the addition of Cr(VI) to the influent of each reactor. A solution of 0.1 g/L Cr(VI) was added to each reactor's feed holding tank in different aliquots, in order to achieve the desired stress test concentrations in the influent: 0.2 mg/L (pilots 'A1a', 'B1a'), and 2 mg/L (pilots 'A1b', 'B1b').
For each reactor, the behavior of the system tested at the two concentrations is similar, with slightly more obvious stress when the higher concentration of Cr(VI) is applied. In particular, from the microbiological point of view, there were some problems regarding the formation of sludge flocs, in this case. This observation is in agreement with similar studies reported in literature (Molokwane et al. 2008; Samaras et al. 2009 ). While initially floc growth seemed to occur normally, after about a week the process seemed to stop, with presence of filaments. The first few days after initial toxic inoculation, a predominance of floating ciliates, small flagellates and naked amoebae, generally of very small size (about 15 μm) was observed. The naked amoeba Chaos prevailed in the first couple of days with such small dimensions that their number could not be determined precisely in the samples (and is not reported in the following figures), Mayorella was observed at the higher chromium concentration in A1b. Swimming forms included Tetrahymena pyformis, rarely observed in activated sludge at this location, Uronema nigricansm, Paramecium caudatum and Trachelopyllum pusillum (only detected in a single instance). Sessile ciliates included Vorticella microstoma, at the higher chromium concentration, usually associated with stress conditions, such as oxygenation deficit, Opercularia spp., highly tolerant to stress situations, and Telotroco. Carnivores were identified mostly as Podophrya. Crawlers were practically absent at the lower concentration, while some individuals of Euplotes aff. were identified at the higher one.
In both reactors, specific forms of adaptation to the new situation were observed. Microfauna presented a wider diversification of species, even if the absolute number of counted individuals was lower than in normal conditions. SBI classes during the entire condition remained poor, between VI and III, a sign of biomass stress (Figures 2 and 3) . Tables 3 (stress condition 1a) and 4 (stress condition 1b) summarize the observed biocenosis in both situations.
In reactors 'A', there is no substantial difference of behavior between the situation in which chromium is added, and regular operation. Details of the observations concerning the reactors' effluent composition are given in Figures 2 (stress conditions 1a) and 3 (stress conditions 1b), showing the main process parameters trends during operation in relationship to the observed SBI sludge class. The trend of COD removal appears fairly stable (approx. 84-91% in both conditions, after stabilization), though slowly developing at the beginning, in all cases. SS tend to increase periodically changes of feeds, although values remain much lower than in the case of regular operation. In reactors 'B' the situation is quite similar, with observed COD removals ranging between 87-95% (stress cond. 1a) and 88-92% (stress cond. 1b). Both reactors therefore show no substantial differences of behavior in these conditions. SVI, although relatively stable, shows generally higher values with an occasional spike above 200 mL/g, in both reactors, under stress condition 1a (Cr(VI) ¼ 0.2 mg/L).
While this investigation stopped at concentration Cr(VI) ¼ 2 mg/L, as it was the highest observed in the critical cases originating the study, in other studies it was observed that at aeration tank's chromium concentrations above 10 mg/L, SBI values decreased to almost zero, producing a Class IV sludge that could no longer be useful for wastewater treatment. While metal concentrations in this study were hardly lethal to the biomass, but at the same time still sufficient to cause a notable initial slowdown of its activity, at higher concentrations reduction of more than 80% of the total number of individuals in biological populations were reported in literature (Santos et al. 2005) . As the last part of this study, two reactors were operated under 'stress condition no. 2', that is, the addition of a standard solution of 1.0 g/L of anionic surfactant to the feed in order to achieve the desired stress test concentrations of 0.2 and 2 mg/L in the influent (cases 2a and 2b, respectively). From the microbiological point of view, the presence of surfactants has a negative impact on the formation of sludge flocs, which were determined as approximately constant at 10 mL/L reactor throughout the study. The presence of foam on the aeration tank surface, resulting in supernatant turbidity, was also observed.
Microfauna composition can be indicated as follows (Tables 5 (stress condition 2a) , and 6 (stress condition 2b)): naked amoeba (Chaos, Mayorella), swimming forms (Tetrahymena pyrif., Uronema nigric., Paramecium caud.), crawling forms (Chilodonella, Eploutes aff., Stylonychia), sessile forms (Telotroco, Vorticella microst. -the latter only in A2a-Opercularia, Epistylis plicatilis), Podophyria, rotifers and nematods. Filaments type 1863 and Microthrix parv. were also present in both sludges, although SVI values were not particularly high. Treatment efficiency was generally insufficient, especially in the case of reactors 'B', for which the quality of the sludge was always at SBI-determined class IV (Figures 4 and 5 , showing also trends of the detected physico-chemical and biological parameters). COD removal was around 88-92% (after process stabilization) in all cases. A significant difference between what was observed under the two concentrations of anionic surfactants in plant A, concerned the structure of sludge flocs: at the lower concentration, flocs appears rounded with dimensions between 50 and 300 μm, while at higher concentration the floc's shape was irregular, with smaller size between 50 and 250 μm, 100 μm on average.
Consequences on WWTPs operation
The effects of stress conditions on three main parameters of effluent quality: SVI, effluent Suspended Solids, and COD removal were shown in Figures 2-5.
Figures 6 and 7, instead, show nitrification capacity of both reactors under stress conditions 1 (1a, 1b, respectively). Nitrification is carried out under all stress conditions, from nitritation to almost complete nitratation, although at slower rates at the higher metal concentration.
Figures 8 and 9 show nitrification capacity of both reactors under stress conditions 2 (2a, 2b, respectively). The process in this case is much slower and incomplete: nitritation occurs to a partial degree in reactor A (and to a lower degree under the higher anionic surfactants concentration). In this case (Figure 9 ) after 10 days of operation still about 50% N-NH 4 is un-transformed; after two weeks, there is still more N-NH 4 present than N-NO 3 . Nitratation occurs to an even lesser degree in reactor B, with an even more obvious inhibition at the higher surfactant concentration. At the end of the study period, considerable amounts of nitrites are still present, and nitratation is basically nonexistent, and not for lack of necessary D.O. in the reactors.
After the addition of surfactants, both plants show specific forms of adaptation to the new situation: decrease of activated sludge floc dimensions, consequence of saponification (Liwarska-Bizukojc & Bizukojc 2006) , and observed microfauna presenting a wider species diversification, even if the overall number of individuals is lower than in normal conditions. In the early days of observation, presence of surface foams, and marked turbidity of the supernatant, combined with difficulty in the formation of new sludge flocs were recorded. As expected, due the presence of anionic surfactants, some phenomenon of filamentous bulking was observed.
Notwithstanding the fact that the observed macroscopic behavior of the two pilots was, according to the local operators, in accordance with that of the real plants, it should be noted microbiological populations can be greatly affected not only by influent characteristics, but also by unit configuration and operation, hence some differences (even major ones) could in all probability still be found between pilots and full-scale. Papadimitriou et al. (2004) pointed out that, in a parallel study involving a pilot and a full scale facility, all other conditions equal, sessile and free swimming ciliates were the most frequent species identified in the pilot, while a higher protozoan population diversity was found Water Practice & Technology Vol 12 No 3 632 doi: 10.2166 /wpt.2017 in samples from the full scale plant. Still considering such uncertainties of results and interpretation, this study still gives some general indications about the effects of the considered contaminants presence in activated sludge facilities feed.
DISCUSSION
The mitigation of the effects of toxic shocks on WWTPs requires that plant operators know and understand the probable process interference of the contaminant(s), and the appropriate necessary operational corrective action(s). In this section, first literature-reported case studies dealing with toxic shocks in activated sludge plants are examined, then some possible technical solutions are discussed.
Toxic shocks in activated sludge systems
Toxic shocks in activated sludge systems can affect microbial activity at different levels, depending on whether an acute, specific toxic threshold is reached. Effects may vary from process inhibition, i.e. increasing and/or significantly impaired biodegradation (Kelly et al. 2004; Kim et al. 2011) , resulting in the gradual increase of COD and ammonia effluent concentrations, to complete biomass kill-off. Nitrification, being a 'slower' degradation step than carbon removal may be particularly sensitive to inhibition effects (You et al. 2009; Capodaglio et al. 2016a Capodaglio et al. , 2016b . In Sweden, nitrification inhibition was shown to affect 60% of 109 treatment works investigated in a specific study ( Jönsson et al. 2000) ; in Greece, up to 50% nitrification inhibition was found to be attributable to industrial wastewater discharges, in a group of investigated WWTPs (Andreadakis et al. 1997) ; finally, in the UK, chronic nitrification inhibition of approximately 15% -with peaks of up to 50%-was observed in a plant receiving domestic and industrial waste (Hayes et al. 1998 ).
An adopted, operative definition of microbial 'death' is when the feed's OUR (oxygen uptake rate) is less than the basal endogenous OUR. While actual records of total kill-off of biological tanks are largely overestimated, many instances of partial and chronic toxicity events in WWTPs have been cited in the literature, and even more might pass undetected unless specific monitoring is been carried out, or extreme thresholds exceeded.
Settling problems can be caused by both filamentous bulking and sludge deflocculation. Both of these can be induced by toxic shock loads. Filamentous bulking may be detected by microscopic examination, enabling corrective action to be taken if detection is at an early stage, however, the only indication of toxicity-induced deflocculation may be a rapid increase in effluent suspended solids. This is not to be confused with solids washout phenomena due to hydraulically-induced overloads (Novotny & Capodaglio 1992; Harremoes et al. 1993) . Both, however, may result in significant activated sludge washout before the cause and source of the problem are identified.
Toxic waste contamination of sewage generally does not directly favor filaments growth in activated sludge tank (except in the case of high H 2 S loads); rather, the resulting, upset operating conditions allow subsequent filaments proliferation over other species. Elevated BOD inflow was thus correlated to filamentous bulking in a Sao Paulo (Brazil) facility receiving large volumes of industrial wastewater (Grau & Da-Rin 1997) . For example, Sphaerotilus natans bulking due to high F/M conditions is frequently seen to follow toxic upsets, however, the actual F/M value may be much higher than that calculated on the present biomass estimate, due to decreased viability of the biomass present. Sphaerotilus, in such cases, proliferates because other species growth has been inhibited, not because it feeds on toxic material. A similar case was observed in Antwerp's (Belgium) WWTP, known to be subject to continuous inhibition (estimated in 10 to 30%) of respiration rates, without showing major deterioration of effluent quality. A substantial washout of solids from the same facility, however, was observed after a brief (2 days) toxicity increase (þ43%) causing non-bulking species inhibition (Geenens & Thoeye 1998) .
Mitigation of toxic shock effects
Upon detecting a toxicity event, whether ongoing or imminent, some measures can be adopted to reduce its consequences in activated sludge plants. Short term measures include 'sludge juggling', i.e. changes in return sludge rates and in waste feeding points; polymer and coagulant addition to aid sludge settling; chlorination. 'Juggling' consists of removing solids from the final clarifier faster than they get there by increasing return flowrate; this may work for some filaments species while, in other cases, it may worsen the problem (for example, by encouraging sulfide-oxidizing filaments). There are, of course, physical limits to this strategy, as an augmented flow will quickly hit the clarifier, and hydraulically push more sludge from it, making effluent SS losses worse, unless offline solids (sludge) storage is available. A reduction in solids loading to the clarifier can in fact be achieved by a reduction in the system's sludge inventory (reduction of MLSS concentration in the aeration basin, with temporary accumulation in an external storage tank), that may however lower the plant's efficiency in the medium term.
Step-feeding of waste return sludge to the upstream sections of an activated sludge basin, where possible, could also reduce MLSS influent concentration in the clarifier feed without reducing the system's sludge inventory. Such redistribution of solids in the system usually takes less than one day, and is accompanied by a lower treatment level of the incoming wastewater during the event.
Polymer/coagulant addition can enhance activated sludge settling. Most are synthetic, high molecular weight, anionic polymers alone or in combination with cationic polymers usually added to the MLSS as it leaves the aeration basin or to the secondary clarifier center well. Their use does not significantly increase waste sludge production but can be quite expensive. As alternatives, chlorine and hydrogen peroxide, known toxicants, have been used successfully to control filamentous organisms, and stop bulking episodes. Chlorine is most widely used as it is inexpensive and available on-site at most plants. The goal of chlorination is to expose activated sludge to sufficient chlorine to damage filaments extending from the floc surface while leaving organisms within the floc largely untouched.
Addition of bentonite and zeolite in activated sludge (in amounts of a few g/L) has shown to decrease the inhibitory effects of heavy metals on biomass respiratory activity. The beneficial action of these minerals is attributed both to the adsorption of heavy metals on the mineral and on the potential aggregation between mineral and sludge particles (Wang & Chen 2009; Malamis et al. 2012) .
Recently, online monitoring technology has made vast improvements and, although some compounds cannot yet be monitored automatically in real time (Capodaglio et al. 2016a (Capodaglio et al. , 2016b , respirometry test are available in automated mode (Biotech Products 2009). While visual microscopic investigations can diagnose a toxicity event after the fact, a better method is to use OUR tests to detect toxicity at an early stage. OUR in a healthy activated sludge reactor fed increasing amounts of nontoxic waste will rise asymptotically, while in a reactor fed toxic waste it may increase initially, but will then decrease suddenly and dramatically as the toxicity threshold value is reached. Computer modelling can also be useful in predicting the consequence of toxicity events, and site-specific decision support systems that could guide operators during chemical shock events have been developed (Pinto et al. 2007; Love et al. 2009 ).
Respiration inhibition results in lower rates of degradation of organic matter, and this ought to be compensated, for example, by increasing mixed liquor hydraulic retention time, if this is feasible, and if there is enough viable biomass left in the system to uptake the organics. As a result, aeration costs could increase.
There is little published information on the additional economic costs due to toxicity events at WWTPs. In one of the few cases reported, however, a Dutch 95,000 P.E. municipal WWTP subject to a 50% decrease of biomass activity, attributed to an oil spill, took 5 days to recover full operations, with live costs were estimated in 45,000 Euros. On another occasion, the recovery cost at an industrial WWTP treating 1,400 m 3 /d of chemical plant wastewater, affected by a toxic spill, was estimated in the order of 40,000 Euros (Davies & Murdoch 2001) . Since the effects of these measures depend case-by-case on the specific situation, their success is not always guaranteed, especially if they have not been tested in similar circumstances before. In the specific instance of the two facilities considered, some of the classic remedies adopted in similar cases ('juggling', step-feed) are not feasible to physical configuration of the systems. In ts short term, therefore, chemical addition could constitute an acceptable solution, while, in time, upgrading
